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The contribution of the R-parity violating trilinear couplings in the supersymmetric model to
the fermion electric dipole moment is analyzed at the two-loop level. We show that in general, the
Barr-Zee type contribution to the fermion electric dipole moment with the exchange of W and Z
bosons is not small compared to the currently known photon exchange one with R-parity violating
interactions. We will then give new upper bounds on the imaginary parts of R-parity violating
couplings from the experimental data of the electric dipole moments of the electron and of the
neutron. The effect due to bilinear R-parity violating couplings, which needs to be investigated
separately, is not included in our analyses.
PACS numbers: 12.60.Jv, 11.30.Er, 13.40.Em, 14.80.Ly
I. INTRODUCTION
The standard model (SM) of particle physics, although
being very successful in interpreting many experimental
data, has difficulty in explaining some phenomena such
as the matter abundance of our Universe. The SM has
therefore to be extended.
There are currently many approaches to search for new
physics (NP) beyond the SM. Among many others, the
measurement of the electric dipole moment (EDM) is of
particular interest. The reasons are the following. The
EDM is an observable sensitive to the violation of the
parity and the time-reversal symmetry (or equivalently
the CP ). The contribution from the SM is in general
very small [1], and this fact makes the EDM a sensi-
tive observable to NP with large CP violation. The ex-
perimental data available are very accurate for a variety
of systems such as the neutron (dn < 2.9 × 10−26e cm)
[2], the 205Tl (dTl < 9 × 10−25e cm) [3] and the 199Hg
atoms (dHg < 3.1 × 10−29e cm) [4], the Ytterbium fluo-
ride (YbF) molecule (which gives bound on the electron
EDM: de < 1.05× 10−27e cm) [5], the muon [6], etc. The
EDM is therefore a very good probe of NP. A new gener-
ation of experiment using storage rings is also in prepa-
ration, aiming at the measurements of the EDMs of the
muon, proton and deuteron [7].
On the theoretical side, the minimal supersymmetric
standard model is known to be the leading candidate of
NP [8]. A general supersymmetric extension of the SM
allows baryon number or lepton number violating inter-
actions, so we must impose the conservation of R-parity
[R = (−1)3B−L+2s] to forbid them. This assumption
is, however, completely ad hoc, so the R-parity violating
(RPV) interactions have to be investigated phenomeno-
logically. Until now, many RPV interactions were con-
strained by high energy experiments, low energy preci-
sion tests, and cosmological observations [9]. Thanks to
many efforts in EDM experiments, many phenomenolog-
ical analyses of models of multi-Higgs [10–13], supersym-
metry with [14–19] and without [20–30] R-parity invari-
ance were done, and many CP phases have been con-
strained so far.
It has been pointed out in [24, 25] that, in the most
general RPV interactions, the leading contribution to the
neutron EDM is generated at the one-loop level and that
it contains both bilinear and trilinear RPV couplings. In
the course of showing this, the authors of [24] made a suit-
able use of the flavor basis in which only one of the four
Y = −1/2 doublet fields bears vacuum expectation value
(VEV) [26]. In other words the direction of the VEV is
singled out as the down type Higgs field Hd and sneutri-
nos are not given VEV. It has also been made clear in
[24] that in the absence of bilinear RPV terms the leading
contributions to the fermion EDM come from two-loop
diagrams. This is in agreement with the observation that
the Barr-Zee type two-loop level diagrams give the lead-
ing effect in the absence of the bilinear terms [21, 22, 28].
In the present paper we choose the same flavor basis as
in [24] and examine the Barr-Zee type two-loop diagrams
arising from the trilinear RPV superpotential.
It was argued in [21] that, without the bilinear cou-
plings, the fermion EDM receives the largest part from
the photon exchange Barr-Zee type diagram, and that
the other Barr-Zee type diagrams with W and Z bosons
are subleading, on the basis of the analogy between the
R-parity violation and models with charged Higgs bo-
son [12, 22]. We must be careful however to the fact
that these two processes cannot be described similarly,
since the SU(2)L gauge structure (chirality structure) of
the Yukawa interactions with charged Higgs boson dif-
fers from that of the R-parity violation. As the chirality
structure inside the fermion loop of the Barr-Zee type
diagram is different, the na¨ıve analogy no longer works.
Moreover, the RPV Barr-Zee type diagram with W bo-
son exchange changes the flavors of the fields in the loop,
and consequently many additional combinations of RPV
2couplings with new flavor structure may be constrained
from the EDM experimental data.
The main purpose of this paper is then to evaluate
the two-loop level Barr-Zee type diagram with W and
Z boson exchange within R-parity violation, and to up-
date the constraints on the RPV interactions provided by
the current experimental data of the EDMs of the YbF
molecule, the neutron and the 199Hg atom.
This paper is organized as follows. We first present the
RPV interaction in the next section. We then present and
formulate in Section III the two-loop level Barr-Zee type
diagram with Z boson exchange. In Section IV, we derive
the formula for the RPV Barr-Zee type contribution with
W boson exchange. This will be done in two steps, first
by constructing the inner fermion loop. We then attach
this loop to the external fermion line. In Section V, we
analyze the limits provided by the current experimental
data of the YbF molecule, the neutron and the 199Hg
atom. We finally summarize our work in the last section.
II. RPV CONTRIBUTION
The superpotential of the RPV interactions relevant in
this discussion can be written as follows:
WR/ =
1
2
λijkǫabL
a
iL
b
j(E
c)k + λ
′
ijkǫabL
a
iQ
b
j(D
c)k
+
1
2
λ′′ijk(U
c)i(D
c)j(D
c)k , (1)
with i, j, k = 1, 2, 3 indicating the generation, a, b = 1, 2
the SU(2)L indices. The SU(3)c indices have been omit-
ted. L and Ec denote the lepton doublet and singlet
left-chiral superfields. Q, U c and Dc denote respectively
the quark doublet, up quark singlet and down quark sin-
glet left-chiral superfields. As mentioned in Section I the
bilinear terms have been omitted legitimately in our dis-
cussion. We also neglected the soft breaking terms in the
RPV sector. Also baryon number violating RPV inter-
actions (λ′′ijk) will be omitted from now, to avoid rapid
proton decay. This RPV superpotential gives the follow-
ing lepton number violating Yukawa interactions:
LR/ = −
1
2
λijk
[
ν˜ie¯kPLej + e˜Lj e¯kPLνi + e˜
†
Rkν¯
c
iPLej
−(i↔ j)
]
−λ′ijk
[
ν˜id¯kPLdj + d˜Lj d¯kPLνi + d˜
†
Rkν¯
c
iPLdj
−e˜Lid¯kPLuj − u˜Lj d¯kPLei − d˜†Rk e¯ciPLuj
]
−1
2
λijk
[
(mej ν˜i e˜Rj −mei ν˜j e˜Ri) e˜†Rk
+mek(ν˜i e˜Lj − ν˜j e˜Li) e˜†Lk
]
−λ′ijk
[
−muj e˜Lid˜†Rku˜Rj −mei u˜Lj d˜†Rke˜Ri
+mdj ν˜i d˜
†
Rkd˜Rj +mdk(ν˜i d˜Lj − e˜Li u˜Lj) d˜†Lk
]
+(H.c.) . (2)
The projection of the chirality is given by PL ≡ 12 (1−γ5)
[and we also define PR ≡ 12 (1 + γ5) for later use]. The
RPV scalar 3-point interactions were obtained by com-
bining the RPV superpotential (1) with the usual Higgs-
matter superpotential. They are needed to construct the
Barr-Zee type diagram with sfermion inner loop [29].
III. BARR-ZEE TYPE DIAGRAM WITH Z
BOSON EXCHANGE
The RPV interactions contribute to the fermion EDM
starting from the two-loop level. In this section, we will
give the formula for the Barr-Zee type diagram with Z
boson exchange (see Fig. 1). The computation of this
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FIG. 1. An example of Barr-Zee type diagram with Z boson
exchange generated with RPV interactions.
diagram is very similar to that of the Barr-Zee type dia-
gram with photon exchange [28, 29].
The first step of the evaluation of the Barr-Zee type
two-loop diagram is to construct the gauge invariant ef-
fective ν˜γZ vertex with the fermion and sfermion loop
diagrams, as shown in Figs. 2 and 3. This method
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FIG. 2. Fermion loop effective ν˜γZ vertex generated with
RPV interactions. Diagrams (a) and (b) are fermion loop
diagrams for the two independent ordering of the photon and
the Z boson interactions.
is based on the analyses of Refs. [12, 13, 22]. We will
then attach this gauge invariant effective vertex to the
external fermion line to obtain the EDM operator. The
amplitude of the inner fermion loop is given as
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FIG. 3. Sfermion loop effective ν˜γZ vertex generated with
RPV interactions. Diagrams (a) and (b) are the sfermion
loop contribution similar to diagrams (a) and (b) of Fig. 2
by replacing the fermion by the sfermion. Diagram (c) newly
appears due to the γ − Z interaction.
iMν˜γZ = −λˆijjncQfe2αf ǫ∗µ(q1)ǫ∗ν(q2)
∫
d4k
(2π)4
Tr
[
(k/+ q/2 +mfj )(1 − γ5)(k/ − q/1 +mfj )γµ(k/+mfj )γν
][
(k + q2)2 −m2fj
] [
k2 −m2fj
] [
(k − q1)2 −m2fj
]
+
∑
f˜j=f˜Lj ,f˜Rj
2λˆijjncmfjQfe
2αf˜ ǫ
∗
µ(q1)ǫ
∗
ν(q2)
∫
d4k
(2π)4

 (2k
µ + qµ1 )(2k
ν − qν2 )[
(k + q1)2 −m2f˜j
] [
k2 −m2
f˜j
] [
(k − q2)2 −m2f˜j
]
− g
µν[
(k + q1 + q2)2 −m2f˜j
] [
k2 −m2
f˜j
]


=
2i
(4π)2
mfj λˆijjncQfe
2αf ǫ
∗
µ(q1)ǫ
∗
ν(q2)
∫ 1
0
dx
[1− 2x(1 − x)] [qµ2 qν1 − (q1 · q2)gµν ]− iǫµναβ(q1)α(q2)β
m2fj − x(1 − x)q22
+
∑
f˜j=f˜Lj ,f˜Rj
i
(4π)2
λˆijjncmfjQfe
2αf˜ ǫ
∗
µ(q1)ǫ
∗
ν(q2)
∫ 1
0
dx
2x(1− x) [qµ2 qν1 − (q1 · q2)gµν ]
m2
f˜j
− x(1 − x)q22
+O(q21) , (3)
where the last equality was given by taking the lead-
ing order contribution of the expansion in q1. This ap-
proximation is justified since the EDM is the first or-
der coefficient of the multipolar expansion. Here i and j
are the flavor indices of the incident sneutrino and loop
fermion f (or loop sfermion f˜), respectively, and λˆ is
the RPV coupling, where λˆ = λ for inner loop charged
leptons, and λˆ = λ′ in the case of quarks. For quark
loops, the number of colors is nc = 3 (for the lepton loop,
nc = 1). The weak coupling of the fermion is given by
αf (f = l, d), where αl ≡ 14 (3 tan θW − cot θW ) ≈ −0.065
for the coupling of the Z boson with charged leptons,
and αd ≡ 112 tan θW − 14 cot θW ≈ −0.42 for the cou-
pling with down type quarks. For the sfermion weak cou-
pling, we have αf˜L = αf − βf and αf˜R = αf + βf , where
βl = βd =
1
4 (tan θW + cot θW ). We must note that αf
is the vector coupling of the Z boson with fermions, and
that the axial vector coupling (βf ) does not contribute in
the fermion loop. Note also that the contribution from
βf cancels when mf˜Lj = mf˜Rj in the sfermion loop.
The next step is to put the above effective ν˜γZ vertex
into the external fermion line to form the EDM operator.
This manipulation is again very similar to that for the
photon or gluon exchange Barr-Zee type diagram [28, 29],
4and is given independently of the gauge as follows:
iMZBZ = i Im(λˆijj λ˜∗ikk)
ncQfαF eαem
32π3
×mfj ǫ∗µ(q1)u¯σµν(q1)νγ5u
×
∫ 1
0
dz
{
2αfI
(
m2Z , m
2
ν˜i ,
m2fj
z(1− z)
)
−
∑
f˜j=f˜Lj,f˜Rj
αf˜ I
(
m2Z , m
2
ν˜i ,
m2
f˜j
z(1− z)
)}
≈ i Im(λˆijj λ˜∗ikk)
ncQfαfαF eαem
16π3
×ǫ∗µ(q1)u¯σµν(q1)νγ5u ·
mfj
m2ν˜i
ln
m2ν˜i
m2Z
, (4)
where I(a, b, c) is defined as
I(a, b, c) =
∫ ∞
0
rdr
(r + a)(r + b)(r + c)
=
1
(b− a)(c− b)(a− c)
×
[
ab ln
∣∣∣a
b
∣∣∣+ bc ln
∣∣∣∣bc
∣∣∣∣+ ca ln
∣∣∣ c
a
∣∣∣ ] . (5)
In the last approximation of Eq. (4), we have used
m2
f˜j
,m2ν˜i ≫ m2Z ≫ m2fj . We have also neglected the
sfermion loop contribution (the second term of the inte-
grand of the first equality) which is less than 10% com-
pared with the fermion loop diagram for m2
f˜j
,m2ν˜i =
O(TeV). It is however important to note that the
sfermion loop contribution interferes destructively. This
is due to the minus sign brought by the fermion loop
contribution [29]. Note that the fermions fj and Fk are
either down type quarks or charged leptons. The RPV
coupling is λ˜ = λ for external charged leptons, and λ˜ = λ′
for the case of quarks.
The EDM dF is defined as follows
LEDM = − i
2
dF ψ¯F γ5σ
µνψFFµν , (6)
where Fµν is the electromagnetic field strength. The
fermion EDM with Z boson exchange generated by RPV
interactions is then given by
dZFk ≈ −Im(λˆijj λ˜∗ikk)
ncQfαfαF eαem
16π3
mfj
m2ν˜i
ln
m2ν˜i
m2Z
. (7)
Let us compare the Z boson exchange contribution with
the photon exchange process. The photon exchange con-
tribution is given by [28]
dγFk ≈ Im(λˆijj λ˜∗ikk)
ncQ
2
fQF eαem
16π3
· mfj
m2ν˜i
(
2 + ln
m2fj
m2ν˜i
)
.
(8)
We remark that dZFk and d
γ
Fk
of Eqs. (7) and (8) have the
same sign. The loop factor (the logarithmic factor) has
the same order of magnitude, with ln
m2ν˜i
m2
Z
being around
one half of −
(
2 + ln
m2fj
m2
ν˜i
)
for sneutrino masses of order
TeV. For the lepton EDM with lepton loop, lepton EDM
with quark loop and quark EDM with lepton loop, the
Z boson exchange contribution is small compared to the
photon exchange one, since the weak charge of the lep-
ton is small (αl = −0.065). For the quark EDM with
quark loop however, both diagrams have the same order
of magnitude. This means that an important enhance-
ment of the RPV contribution will occur. The detailed
analysis will be done in Section V.
IV. BARR-ZEE TYPE DIAGRAM WITH W
BOSON EXCHANGE
The computation of the Barr-Zee type diagramwithW
boson exchange is similar to that of the Barr-Zee type
diagram with charged Higgs exchange, as was done in
Ref. [12]. Here we should give the detail of the derivation.
A. Inner fermion loop
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FIG. 4. Fermion loop effective e˜LγW vertex generated with
RPV interactions. Diagrams (a) and (b) are fermion loop dia-
grams similar to Figs. 2 (a) and (b). Note that for the lepton
loop, diagram (a) does not contribute, since the neutrino has
no charge. Diagram (d) is the Nambu-Goldstone boson (φ)
exchange contribution, which disappears in the nonlinear Rξ
gauge.
As for the Z boson exchange contribution, we first de-
rive the gauge invariant expression for the one-loop effec-
tive e˜LγW vertex, generated by RPV interactions. The
contributing diagrams are shown in Figs. 4 and 5. In our
calculation, we have chosen the nonlinear Rξ gauge [31]
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FIG. 5. Sfermion loop effective e˜LγW vertex generated with
RPV interactions. Diagrams (a), (b) and (d) are sfermion
loop diagrams similar to diagrams (a), (b) and (c) of Fig. 4.
Diagram (c) newly appears due to the γ−W interaction. We
have omitted the Nambu-Goldstone boson exchange diagram,
since it does not contribute in the nonlinear Rξ gauge.
which is given by the following gauge fixing (W boson)
LWGF = −
1
ξ
∣∣(∂µ − ieAµ)W+µ − iξmWφ+∣∣2 . (9)
In this gauge, the calculation becomes easy (the inter-
action between Nambu-Goldstone bosons (φ) and gauge
bosons cancels). The derivation of the one-loop e˜LγW
amplitude goes in a manner very similar to that of the
decay of the charged Higgs boson into the W boson and
photon [16, 32].
The amplitude of the one-loop effective e˜LγW vertex
with the fermion loop is given by
iMe˜γW = iM(a) + iM(b) + iM(c) , (10)
where
iM(a) = λˆiaj
Que
2Vaj√
2 sin θW
ncǫ
∗
µ(q1)ǫ
∗
ν(q2)
∫
d4k
(2π)4
Tr
[
PL(k/ − q/1 +mfua )γµ(k/ +mfua )γνPL(k/ + q/2 +mfdj )
]
[
(k − q1)2 −m2fua
][
k2 −m2fua
][
(k + q2)2 −m2fd
j
] , (11)
iM(b) = λˆiaj
Qde
2Vaj√
2 sin θW
ncǫ
∗
µ(q1)ǫ
∗
ν(q2)
∫
d4k
(2π)4
Tr
[
PL(k/ − q/2 +mfua )γνPL(k/ +mfdj )γµ(k/ + q/1 +mfdj )
]
[
(k − q2)2 −m2fua
][
k2 −m2
fd
j
][
(k + q1)2 −m2fd
j
] , (12)
iM(c) = λˆiaj
e2Vaj√
2 sin θW
ncǫ
∗
µ(q1)ǫ
∗
ν(q2)
∫
d4k
(2π)4
Tr
[
PL(k/ +mfua )γ
ρ′PL(k/ + q/1 + q/2 +mfd
j
)
]
[
k2 −m2fua
][
(k + q1 + q2)2 −m2fd
j
]
× −1
(q1 + q2)2 −m2W
[
gρρ
′ − (q1 + q2)
ρ(q1 + q2)
ρ′
(q1 + q2)2 − ξm2W
(1 − ξ)
]
×
[
1
ξ
(qρ1 + q
ρ
2)g
µν + gνρ(qµ1 + 2q
µ
2 ) + g
µν(qρ1 − qρ2)− gµρ(2qν1 + qν2 )
]
, (13)
where i, j and a denote respectively the flavor of the incident selectron, down type and up type quarks of the loop.
The convention for λˆ and λ˜ are the same as for the previous case with the Barr-Zee type diagram with Z boson
exchange. The labels fu and fd denote respectively the up and down type quarks for quark loop, the neutrino and
charged lepton for the lepton loop. For the quark loop, the number of colors is nc = 3, and nc = 1 for the lepton.
Moreover, we have Qu = 0 and Qd = −1 for the lepton loop, and Qu = 23 and Qd = − 13 for the quark loop. Here
Vaj is the Cabibbo-Kobayashi-Maskawa matrix element for the quark loop contribution. For the case of lepton loops,
Vaj is a simple unit matrix, as we do not consider the flavor mixing in the lepton sector. (For the realistic case, the
neutrinos have small masses mν , so the mixing occurs. This effect is however accompanied by a mass insertion, giving
a factor of mν/mSUSY, so that the mixing contribution can be neglected.) It should be noted that the diagram (d) in
Fig. 4 vanishes in the nonlinear Rξ gauge. The second and third lines of Eq. (13) become
−1
q212 −m2W
[
gρρ
′ − q
ρ
12q
ρ′
12
q212 − ξm2W
(1− ξ)
] [
1
ξ
qρ12g
µν + gνρ(qµ1 + 2q
µ
2 ) + g
µν(qρ1 − qρ2)− gµρ(2qν1 + qν2 )
]
= −q
ρ′
12
q212
gµν , (14)
6independently of the gauge parameter ξ, where q12 = q1+q2. The calculation of the one-loop integral can be performed
by using the Passarino-Veltman one-loop tensor [33] (see the Appendix for detailed derivation). By taking the leading
gauge invariant contribution first order in q1, we obtain the following amplitude:
iMe˜γW = 2iλˆiaj nce
2Vaj√
2 sin θW
mfd
j
(4π)2
ǫ∗µ(q1)ǫ
∗
ν(q2)
×
[
Qu
∫ 1
0
dz
[
z(1− z)2 − z(1− z)] [(q1 · q2)gµν − qµ2 qν1 ]− iz(1− z)ǫµναβ(q1)α(q2)β
z(1− z)q22 − (1− z)m2fua − zm2fdj
+Qd
∫ 1
0
dz
[
z2(1 − z)− z2] [(q1 · q2)gµν − qµ2 qν1 ]− iz2ǫµναβ(q1)α(q2)β
z(1− z)q22 − (1 − z)m2fua − zm2fdj
]
+O(q21). (15)
Diagrams (a), (b) and (c) are each divergent, but the divergence of the total contribution cancels out, as is shown in
Eq. (A21).
The amplitude of the one-loop effective e˜LγW vertex with the sfermion loop is given by
iM′e˜γW = iM′(a) + iM′(b) + iM′(c) + iM′(d) , (16)
where
iM′(a) = −λˆiajVajncmfdj
Que
2
√
2 sin θW
ǫ∗µ(q1)ǫ
∗
ν(q2)
∫
d4k
(2π)4
(2kµ − qµ1 )(2kν + qν2 )[
(k − q1)2 −m2f˜u
Lj
] [
k2 −m2
f˜u
Lj
] [
(k + q2)2 −m2f˜d
Lj
] ,(17)
iM′(b) = −λˆiajVajncmfdj
Qde
2
√
2 sin θW
ǫ∗µ(q1)ǫ
∗
ν(q2)
∫
d4k
(2π)4
(2kµ + qµ1 )(2k
ν − qν2 )[
(k + q1)2 −m2f˜d
Lj
] [
k2 −m2
f˜d
Lj
] [
(k − q2)2 −m2f˜u
Lj
] ,(18)
iM′(c) = λˆiajVajncmfdj
(Qu +Qd)e
2
√
2 sin θW
ǫ∗µ(q1)ǫ
∗
ν(q2)
∫
d4k
(2π)4
gµν[
(k + q1 + q2)2 −m2f˜d
Lj
] [
k2 −m2
f˜u
Lj
] , (19)
iM′(d) = λˆiajVajncmfdj
e2√
2 sin θW
ǫ∗µ(q1)ǫ
∗
ν(q2)
∫
d4k
(2π)4
2kρ
′
+ qρ
′
1 + q
ρ′
2[
(k + q1 + q2)2 −m2f˜d
Lj
] [
k2 −m2
f˜u
Lj
] · (q1 + q2)ρ′
(q1 + q2)2
gµν . (20)
Here we have again used Eq. (14) for the W boson prop-
agator of Eq. (20). We obtain then the following ampli-
tude
iM′e˜γW = −2iλˆiaj
nce
2Vaj√
2 sin θW
mfd
j
(4π)2
ǫ∗µ(q1)ǫ
∗
ν(q2)
×
∫ 1
0
dx
Qux(1 − x)2 +Qdx2(1 − x)
x(1 − x)q22 − (1− x)m2f˜u
La
− xm2
f˜d
Lj
×[(q1 · q2)gµν − qµ2 qν1 ]
+O(q21) , (21)
where we have written only terms contributing to the
EDM.
B. Second loop
The Barr-Zee type EDM withW exchange can be con-
structed by attaching the effective one-loop level e˜LγW
vertices generated by the fermion loop iMe˜γW (15) and
by the sfermion loop iM′e˜γW (21) into the second loop as
shown in Fig. 6. The RPV Barr-Zee type contribution
with W boson exchange and the fermion loop is given by
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FIG. 6. Barr-Zee type contribution to the fermion EDM with
W boson exchange generated from RPV interactions. The di-
agram on the left side involves the complex conjugated com-
bination of RPV couplings. Fu and F d denote respectively
the up and down type quarks for quark EDM, the neutrino
and charged lepton for lepton EDM.
iMWBZ = λˆiaj λ˜∗ibk
nce
3VajVbk
sin2 θW
mfd
j
(4π)2
ǫ∗µ(q1)
∫
d4k′
(2π)4
u¯(p− q1)γν(p/ − q/1 − k/′ )PRu(p)[
k′2 −m2W
][
(k′ − p+ q1)2 −m2Fu
b
][
(k′ + q1)2 −m2e˜Li
]
×
∫ 1
0
dz
Qu(1− z) +Qdz
z(1− z)k′2 − (1− z)m2fua − zm
2
fd
j
×
{
z(1− z) [(q1 · k′)gµν − k′µqν1 ]− z
[
(q1 · k′)gµν − k′µqν1 + iǫµναβ(q1)αk′β
]}
−λˆ∗iaj λ˜ibk
nce
3VajVbk
sin2 θW
mfd
j
(4π)2
ǫ∗µ(q1)
∫
d4k′
(2π)4
u¯(p− q1)(p/ − q/1 − k/′ )γνPLu(p)[
(k′ + q1)2 −m2W
][
(k′ − p+ q1)2 −m2Fu
b
][
k′2 −m2e˜Li
]
×
∫ 1
0
dz
Qu(1− z) +Qdz
z(1− z)k′2 − (1− z)m2fua − zm2fdj
×
{
z(1− z) [(q1 · k′)gµν − k′µqν1 ]− z
[
(q1 · k′)gµν − k′µqν1 − iǫµναβ(q1)αk′β
]}
= i Im(λˆiaj λ˜
∗
ibk)
nceαemVajVbkmfd
j
128π3 sin2 θW
ǫ∗µ(q1)u¯σ
µν(q1)νγ5u
∫ 1
0
dz [Qu(1− z) +Qdz] I
(
m2W ,m
2
e˜Li ,
m2fua
z
+
m2
fd
j
1− z
)
+O(q21) , (22)
where we have omitted terms proportional to Re(λˆiaj λ˜
∗
ibk), and we have used the formula of Eq. (5). We remark
that the second term in the curly brackets −z[(q1 · k′)gµν − k′µqν1 + iǫµναβ(q1)αk′β ] in the z integration vanishes. This
cancellation is reminiscent of the one that we encountered for the RPV Barr-Zee type EDM with the exchange of
photons and gluons [28]. Similarly, the sfermion loop contribution is given by
iM′WBZ = −i Im(λˆiaj λ˜∗ibk)
nceαemVajVbkmfd
j
128π3 sin2 θW
ǫ∗µ(q1)u¯σ
µν(q1)νγ5u
∫ 1
0
dz [Qu(1− z) +Qdz] I
(
m2W ,m
2
e˜Li ,
m2
f˜ua
z
+
m2
f˜d
j
1− z
)
+O(q21). (23)
As for the photon [29] and the Z boson exchange contributions, we find that the sfermion loop process interferes
destructively with the Barr-Zee type diagram with fermion loop.
We thus obtain the next formula for the EDM with W boson exchange:
dWFd
k
= −Im(λˆiaj λ˜∗ibk)
nceαemVajVbkmfdj
128π3 sin2 θW
∫ 1
0
dz (Qu(1− z) +Qdz)
×
[
I
(
m2W , m
2
e˜Li ,
m2fua
z
+
m2
fd
j
1− z
)
− I
(
m2W , m
2
e˜Li ,
m2
f˜ua
z
+
m2
f˜d
j
1− z
)]
.(24)
We treat first the case where there is no top quark in the
loop. In this case, the masses of quarks and leptons can
be neglected since m2fua ,m
2
fd
j
≪ m2W ,m2e˜Li . The EDM is
8then given by
dWFd
k
≈ −Im(λˆiaj λ˜∗ibk)
sf eαemVajVbk
256π3 sin2 θW
mfd
j
m2e˜Li
ln
m2e˜Li
m2W
, (25)
where we have assumed that m2e˜Li ≫ m2W . Here sf =
nc(Qu +Qd) = +1 for inner quark loop and sf = −1 for
lepton loop. We have verified numerically that the above
approximation works well when top quark is absent in
the loop. In this formula, we have also neglected the
sfermion loop contribution, since its effect is less than
10% for sparticle masses of order O(1 TeV).
For the case where the top quark is present in the
loop, the mass m2fua cannot be neglected (m
2
fd
j
≪
m2W ,m
2
t ,m
2
e˜Li
). The integral of the fermion loop con-
tribution of Eq. (24) can be performed analytically, and
the inner fermion loop contribution to the EDM is given
as
dWFd
k
(f) ≈ −Im(λ′iaj λ˜∗ibk)
eαemVajVbk
128π3 sin2 θW
mfd
j
m2W −m2e˜Li
×
[(
3
z2W
− 2
zW
)(
Li2(1− zW )− π
2
6
)
+
3
zW
(1− ln(zW )) + 1
2
ln(zW )
−(zW ↔ ze˜)
]
,(26)
where zW ≡ m2W /m2t and ze˜ ≡ m2e˜Li/m2t , and Li2(z) is
the dilogarithm function (for the calculation of the dilog-
arithm function, we have used the computational code of
Ref. [34]). The integral with top quark in the loop is of
course smaller than the case without it. For me˜Li = 1
TeV, the loop integral with top quarks becomes about
30% of that without top quarks. We must note that the
sfermion loop contribution is not small in this case. Nu-
merically, the integral of the sfermion loop is larger than
20% of the top loop contribution, for O(1 TeV) sparticle
masses.
V. ANALYSIS
A. Constraints on Im(λˆijj λ˜
∗
ikk)
Let us first discuss the case where no change of genera-
tion occurs in the inner fermion/sfermion loop and exter-
nal fermion line (i.e. a = j and b = k). This contribution
interferes with the Barr-Zee type process with photon or
gluon exchange, previously investigated in Refs. [9, 21–
23, 27–29]. This part is thus an extension of these analy-
ses. In this analysis, we assume that all sparticle masses
are equal to 1 TeV [35]. We do not elaborate the details of
sparticle mass dependences, although experimental data
constraining sparticle masses are accumulating.
The first case to treat is the lepton EDM with in-
ner lepton/slepton loop, where the combinations of RPV
couplings Im(λ311λ
∗
322) and Im(λ211λ
∗
233) are involved.
This contribution can be constrained by the current ex-
perimental data of the electron EDM given by the YbF
molecule experiment [5]:
|de| < 1.05× 10−27e cm . (27)
The Barr-Zee type lepton EDM with lepton/slepton loop
receives negligible contribution from the Z boson ex-
change diagram, since the charged leptons have small
coupling with the Z boson (αe ≈ −0.065). The W bo-
son exchange effect is also small compared to the photon
exchange one by about 1 order of magnitude. We must
also note that the sign of the W boson exchange Barr-
Zee type EDM is the same as the photon exchange EDM.
The photon exchange contribution thus dominates, as
was claimed in previous works. The upper limit to the
combinations of RPV couplings is shown in Table I. To
our best knowledge, the experimental data of the elec-
tron EDM given by the YbF molecule experiment give
the tightest limits.
TABLE I. Upper bounds to the RPV couplings given by the
current EDM experimental data of the electron and neutron,
with the sparticle mass set to mSUSY = 1 TeV. For compar-
ison, we have also written the limits provided only by the
photon exchange Barr-Zee type contribution. Limits given
by other experiments [9, 30] are also shown (i = 1, 2, 3).
RPV couplings This work dγ only Other
experiments
|Im(λ∗311λ322)| 2.0× 10
−3 2.1 × 10−3 0.15
|Im(λ∗211λ233)| 1.8× 10
−4 1.9 × 10−4 0.25
|Im(λ∗211λ
′
211)| 1.2× 10
−1 1.0 × 10−1 7.9× 10−8
|Im(λ∗311λ
′
311)| 1.2× 10
−1 1.0 × 10−1 7.9× 10−8
|Im(λ∗211λ
′
222)| 8.7× 10
−3 6.7 × 10−3 3.6× 10−6
|Im(λ∗311λ
′
322)| 8.7× 10
−3 6.7 × 10−3 3.6× 10−6
|Im(λ∗211λ
′
233)| 3.4× 10
−4 2.9 × 10−4 1.8× 10−4
|Im(λ∗311λ
′
333)| 3.4× 10
−4 2.9 × 10−4 1.8× 10−4
|Im(λ∗122λ
′
111)| 3.1× 10
−1 3.7 × 10−1 4.4× 10−2
|Im(λ∗322λ
′
311)| 3.1× 10
−1 3.7 × 10−1 6.0× 10−3
|Im(λ∗133λ
′
111)| 2.6× 10
−2 3.4 × 10−2 2.6× 10−2
|Im(λ∗233λ
′
211)| 2.6× 10
−2 3.4 × 10−2 2.9× 10−2
|Im(λ′∗i11λ
′
i22)| 1.4 1.2 3.1× 10
−4
|Im(λ′∗i11λ
′
i33)| 3.4× 10
−2 5.1 × 10−2 1.1× 10−5
The second case to discuss is the lepton EDM with
inner quark/squark loop. In this case also, the Barr-
Zee type diagram with Z boson exchange is small, due
to the small weak coupling. Numerically, it is smaller
than 5%, with the same sign as the photon exchange
EDM. The W boson exchange contribution is however
not negligible. This is because the photon exchange
EDM receives a suppression by the fractional charge. For
the strange quark/squark loop contribution, the ratio is
dWe /d
γ
e ≈ 0.22. Moreover dγe and dWe have opposite sign.
This means that the total EDM contribution becomes
significantly small. By using the experimental data of
Eq. (27), it is possible to constrain the combinations
9of RPV couplings Im(λi11λ
′∗
i11) (i = 2, 3), Im(λi11λ
′∗
i22)
(i = 1, 3) and Im(λi11λ
′∗
i33) (i = 1, 2). For these RPV bi-
linears, there already exist stronger constraints, given by
the experimental data of the 199Hg atom [4] via P , CP -
odd electron-nucleon interaction [23, 36, 37]. It is not
possible to give new upper limits on the corresponding
RPV interactions with Barr-Zee type process.
The third case to consider is the quark EDM with lep-
ton/slepton inner loop. The Z boson exchange contribu-
tion has a small contribution for the same reason as the
previous case (numerically, less than 5%). The W boson
exchange EDM is however sizable, with about 23% of
the photon exchange contribution for the µ loop contri-
bution, and 35% for the τ loop contribution. The quark
EDM with lepton/slepton loop has the same sign as the
photon exchange Barr-Zee diagram, so dW and dγ inter-
fere constructively. We obtain thus tighter limits for the
RPV couplings. By using the current experimental data
of the neutron EDM [2]
|dn| < 2.9× 10−26e cm , (28)
and the relation between the neutron and quark EDMs
calculated with the QCD sum rules [38, 39]
dn = 0.47dd − 0.12du + e(0.35dcd + 0.17dcu) , (29)
the combinations of RPV couplings Im(λi22λ
′∗
i11) (i =
1, 3) and Im(λi33λ
′∗
i11) (i = 1, 2) can be constrained. The
result is given in Table I. In this case we could give a new
upper limit on Im(λi33λ
′∗
i11) (i = 1, 2).
The final case to consider is the quark EDM with inner
quark/squark loop. In this case both Z andW boson ex-
change contributions are sizable compared with the pho-
ton exchange one. The first reason is that the photon ex-
change EDM receives a double suppression from the frac-
tional charge of the down type quark. For the Z boson
exchange process, the suppression due to the small weak
coupling between Z and charged lepton/slepton is absent
so that dZ and dγ have similar size. The sign between
them is the same and the interference is constructive.
For the W boson, the contribution is around 65% of the
photon exchange EDM for the strange loop, and 33% for
the bottom loop. We must note that the Barr-Zee type
diagram withW boson and inner quark/squark loop acts
destructively against the rest. The RPV interactions con-
tributing to the quark EDM with quark/squark loop can
be constrained by the neutron EDM experimental data.
These RPV interactions are, however, already strongly
constrained by the experimental data of the 199Hg atom
[4] via chromo-EDM and P , CP -odd 4-quark interactions
[36, 38, 40]. It is not possible to give new upper limits on
the corresponding RPV interactions with Barr-Zee type
process.
B. Constraints on Im(λˆiajλ˜
∗
ibk)
The Barr-Zee type diagram with W boson exchange
provides also possibilities to constrain new combinations
of RPV couplings through the generation change of the
Cabibbo-Kobayashi-Maskawa matrix. From the EDM
experimental data (27) and (28) (with the relation (29)),
we obtain upper limits on the imaginary parts of RPV
couplings shown in Table II.
We see that the experimental data of the electron
EDM give new upper limits on |Im(λ∗211λ′223)| and
|Im(λ∗311λ′323)|. These upper bounds could be obtained
thanks to the enhancement due to the large bottom quark
mass in the inner loop. Other limits on RPV couplings
given by this analysis are weaker than those obtained
by other experiments, but we remark that many bounds
on RPV couplings are not so different. The progress on
neutron and atomic/molecular EDMs are very promis-
ing, and many combinations of RPV couplings are in the
reach of the next generation experiments. The Barr-Zee
type EDM with W boson exchange thus provides a very
wide accessibility to the CP violation of the RPV sector.
VI. CONCLUSION
In conclusion we have discussed additional contribu-
tions to the fermion EDM in the RPV supersymmet-
ric models. We have calculated the contribution of the
two-loop level Barr-Zee type diagram with W and Z bo-
son exchange. We have then found that these contribu-
tions are not negligible in many situations, contrary to
the claim in Ref. [22]. In particular, the quark EDM
with lepton inner loop was enhanced with the W bo-
son exchange diagram and we have done a significant
update of the upper limits to the RPV couplings as
|Im(λ∗j33λ′j11)| < 2.6 × 10−2 (j = 1, 2). We have also
found that many additional RPV contributions gener-
ated by the flavor change due to the W boson exchange
exist, with many combinations of RPV couplings. In this
case it was also possible to give a new constraint on RPV
couplings as |Im(λ∗j11λ′j23)| < 1.6×10−2 (j = 2, 3). More-
over, many RPV couplings can potentially be constrained
by near future EDM experiments, since the upper limits
given by this analysis and those from other experiments
have close values. The W and Z boson exchange contri-
bution thus provides a very wide possibility to approach
the CP violation of the RPV sector.
Appendix A: Passarino-Veltman one-loop integral and the e˜LγW amplitude
For the calculation of the one-loop e˜LiγW process [Eqs. (11), (12) and (13)], it is convenient to use the formalism
of the Passarino-Veltman one-loop integral [33].
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TABLE II. Upper bounds to the RPV couplings given by the current EDM experimental data with sparticle masses mSUSY = 1
TeV. Limits from other experiments [9, 30] are also shown.
RPV couplings Limits given by this analysis Other experiments
|Im(λ∗211λ
′
221)| 2.6 (e EDM [5]) 2.0× 10
−5
|Im(λ∗311λ
′
321)| 2.6 (e EDM [5]) 2.0× 10
−5
|Im(λ∗211λ
′
231)| 260 (e EDM [5]) 8.2× 10
−4
|Im(λ∗311λ
′
331)| 260 (e EDM [5]) 8.2× 10
−4
|Im(λ∗211λ
′
212)| 0.13 (e EDM [5]) 3.3× 10
−3
|Im(λ∗311λ
′
312)| 0.13 (e EDM [5]) 3.3× 10
−3
|Im(λ∗211λ
′
232)| 2.7 (e EDM [5]) 2.9× 10
−2
|Im(λ∗311λ
′
332)| 2.7 (e EDM [5]) 2.9× 10
−2
|Im(λ∗211λ
′
213)| 0.19 (e EDM [5]) 2.9× 10
−2
|Im(λ∗311λ
′
313)| 0.19 (e EDM [5]) 1.7× 10
−2
|Im(λ∗211λ
′
223)| 1.6× 10
−2 (e EDM [5]) 2.9× 10−2
|Im(λ∗311λ
′
323)| 1.6× 10
−2 (e EDM [5]) 1.7× 10−2
|Im(λ∗122λ
′
121)| 7.0 (n EDM [2]) 2.9× 10
−2
|Im(λ∗322λ
′
321)| 7.0 (n EDM [2]) 2.9× 10
−2
|Im(λ∗122λ
′
131)| 180 (n EDM [2]) 0.70
|Im(λ∗322λ
′
331)| 180 (n EDM [2]) 0.70
|Im(λ∗133λ
′
121)| 0.42 (n EDM [2]) 1.7× 10
−2
|Im(λ∗233λ
′
221)| 0.42 (n EDM [2]) 2.9× 10
−2
|Im(λ∗133λ
′
131)| 11 (n EDM [2]) 0.42
|Im(λ∗233λ
′
231)| 11 (n EDM [2]) 0.70
|Im(λ′∗i11λ
′
i12)| (i = 1, 2, 3) 7.5 (n EDM [2]) 7.3× 10
−4
|Im(λ′∗j11λ
′
j32)| (j = 1, 2) 160 (n EDM [2]) 8.0× 10
−2
|Im(λ′∗311λ
′
332)| 160 (n EDM [2]) 1.4× 10
−2
|Im(λ′∗121λ
′
112)| 33 (n EDM [2]) 4.0× 10
−4
|Im(λ′∗k21λ
′
k12)| (k = 2, 3) 33 (n EDM [2]) 3.2× 10
−3
|Im(λ′∗i21λ
′
i22)| (i = 1, 2, 3) 7.6 (n EDM [2]) 7.3× 10
−4
|Im(λ′∗i21λ
′
i32)| (i = 1, 2, 3) 700 (n EDM [2]) 8.0× 10
−2
|Im(λ′∗i31λ
′
i12)| (i = 1, 2, 3) 850 (n EDM [2]) 8.0× 10
−2
|Im(λ′∗i31λ
′
i22)| (i = 1, 2, 3) 200 (n EDM [2]) 8.0× 10
−2
|Im(λ′∗i31λ
′
i32)| (i = 1, 2, 3) 1.8× 10
4 (n EDM [2]) 7.3× 10−4
|Im(λ′∗i11λ
′
i13)| (i = 1, 2, 3) 12 (n EDM [2]) 3.2× 10
−3
|Im(λ′∗i11λ
′
i23)| (i = 1, 2, 3) 0.99 (n EDM [2]) 3.2× 10
−3
|Im(λ′∗i21λ
′
i13)| (i = 1, 2, 3) 50 (n EDM [2]) 3.2× 10
−3
|Im(λ′∗i21λ
′
i23)| (i = 1, 2, 3) 4.3 (n EDM [2]) 3.2× 10
−3
|Im(λ′∗121λ
′
133)| 0.67 (n EDM [2]) 2.0× 10
−4
|Im(λ′∗k21λ
′
k33)| (k = 2, 3) 0.67 (n EDM [2]) 8.0× 10
−2
|Im(λ′∗131λ
′
113)| 1.3× 10
3 (n EDM [2]) 1.7× 10−5
|Im(λ′∗k31λ
′
k13)| (k = 2, 3) 1.3× 10
3 (n EDM [2]) 8.0× 10−2
|Im(λ′∗i31λ
′
i23)| (i = 1, 2, 3) 110 (n EDM [2]) 8.0× 10
−2
|Im(λ′∗131λ
′
133)| 18 (n EDM [2]) 4.9× 10
−3
|Im(λ′∗k31λ
′
k33)| (k = 2, 3) 18 (n EDM [2]) 2.0
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Let us define the one-loop tensor as
B0(p
2
1,m
2
0,m
2
1) ≡
(2πµ)ǫ
iπ2
∫
ddk
1[
k2 −m20
][
(k + p1)2 −m21
] , (A1)
Bµ(p21,m
2
0,m
2
1) ≡
(2πµ)ǫ
iπ2
∫
ddk
kµ[
k2 −m20
][
(k + p1)2 −m21
] , (A2)
C0(p
2
1, (p1 − p2)2, p22,m20,m21,m22) ≡
(2πµ)ǫ
iπ2
∫
ddk
1[
k2 −m20
][
(k + p1)2 −m21
][
(k + p2)2 −m22
] , (A3)
Cµ(p21, (p1 − p2)2, p22,m20,m21,m22) ≡
(2πµ)ǫ
iπ2
∫
ddk
kµ[
k2 −m20
][
(k + p1)2 −m21
][
(k + p2)2 −m22
] , (A4)
Cµν(p21, (p1 − p2)2, p22,m20,m21,m22) ≡
(2πµ)ǫ
iπ2
∫
ddk
kµkν[
k2 −m20
][
(k + p1)2 −m21
][
(k + p2)2 −m22
] , (A5)
where d = 4− ǫ is the space-time dimension shifted by ǫ. Because of the Lorentz covariance, Bµ, Cµ and Cµν can be
decomposed as follows
Bµ = B1p
µ
1 , (A6)
Cµ = C1p
µ
1 + C2p
µ
2 , (A7)
Cµν = C00g
µν + C11p
µ
1p
ν
1 + C12(p
µ
1p
ν
2 + p
µ
2p
ν
1) + C22p
µ
2p
ν
2 , (A8)
where the arguments of the loop functions were omitted. The loop functions B0, B1, C0, C00, C11, C12 and C22 can
be explicitly calculated, but they satisfy also many useful relations. Note also that B0, B1 and C00 are divergent. By
contracting Cµ with external momenta pµ1 or p
µ
2 , we obtain
Cµp
µ
1 =
1
2
B0(p
2
2,m
2
0,m
2
2)−
1
2
B0((p1 − p2)2,m21,m22)−
1
2
[
p21 −m21 +m20
]
C0 ,
Cµp
µ
2 =
1
2
B0(p
2
1,m
2
0,m
2
1)−
1
2
B0((p1 − p2)2,m21,m22)−
1
2
[
p22 −m22 +m20
]
C0 . (A9)
Here we have omitted the arguments for C0 which are implicitly the same as those of Eq. (A3).
Similarly, we obtain also additional relations by contracting Cµν with two external momenta:
dC00 + C11p
2
1 + 2C12(p1 · p2) + C22p22 = B0((p2 − p1)2,m21,m22) +m20C0 , (A10)
C00 + C11p
2
1 + C12(p1 · p2) =
1
2
B1((p2 − p1)2,m21,m22) +
1
2
B0((p2 − p1)2,m21,m22)
−1
2
[
p21 −m21 +m20
]
C1 , (A11)
C12p
2
1 + C22(p1 · p2) =
1
2
B1(p
2
2,m
2
0,m
2
2)−
1
2
B1((p2 − p1)2,m21,m22)
−1
2
[
p21 −m21 +m20
]
C2 , (A12)
C11(p1 · p2) + C12p22 =
1
2
B1(p
2
1,m
2
0,m
2
1) +
1
2
B1((p2 − p1)2,m21,m22)
+
1
2
B0((p2 − p1)2,m21,m22)−
1
2
[
p22 −m22 +m20
]
C1 , (A13)
C00 + C12(p1 · p2) + C22p22 = −
1
2
B1((p2 − p1)2,m21,m22)−
1
2
[
p22 −m22 +m20
]
C2 , (A14)
where again arguments for C functions were omitted. Applying all these relations to Eq. (11), we obtain
iM(a) =
2imfd
j
(4π)2
λˆiaj
Que
2Vaj√
2 sin θW
ncǫ
∗
µ(q1)ǫ
∗
ν(q2)
×
{[
((q1 · q2)gµν − qµ2 qν1 )(2C12 + C2) + iǫµναβ(q1)α(q2)βC2
]
(q21 , (q1 + q2)
2, q22 ,m
2
fu
j
,m2fu
j
,m2fd
j
)
+B1((q1 + q2)
2,m2fu
j
,m2fd
j
)gµν
}
. (A15)
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Note that the expression in parentheses (q21 , (q1+q2)
2, q22 ,m
2
fu
j
,m2fu
j
,m2
fd
j
) denotes the common arguments for the loop
functions C12 and C2. For Eqs. (12) and (13), we obtain similarly
iM(b) =
2imfd
j
(4π)2
λˆiaj
Qde
2Vaj√
2 sin θW
ncǫ
∗
µ(q1)ǫ
∗
ν(q2)
×
{[
((q1 · q2)gµν − qµ2 qν1 )(2C12 − C2 − C0)− iǫµναβ(q1)α(q2)β(C2 + C0)
]
(q21 , (q1 + q2)
2, q22 ,m
2
fd
j
,m2fd
j
,m2fu
j
)
+
[
B1((q1 + q2)
2,m2fd
j
,m2fu
j
) +B0((q1 + q2)
2,m2fd
j
,m2fu
j
)
]
gµν
}
, (A16)
iM(c) =
2imfd
j
(4π)2
λˆiaj
−e2Vaj√
2 sin θW
ncǫ
∗
µ(q1)ǫ
∗
ν(q2)g
µνB1((q1 + q2)
2,m2fu
j
,m2fd
j
) . (A17)
We should note that the arguments of the C loop functions for iM(b) differ from those for iM(a).
We should now show that terms with B functions cancel each other for iM(a)+ iM(b)+ iM(c). The loop functions
B0 and B1 can be directly calculated using Feynman parameters as
B0(q
2,m20,m
2
1) =
[
2
ǫ
− γ + ln(4π)
]
−
∫ 1
0
dx ln
(−x(1− x)q2 + (1 − x)m20 + xm21
µ2
)
, (A18)
B1(q
2,m20,m
2
1) = −
1
2
[
2
ǫ
− γ + ln(4π)
]
+
∫ 1
0
dxx ln
(−x(1− x)q2 + (1− x)m20 + xm21
µ2
)
, (A19)
where γ is the Euler constant and µ the mass scale peculiar in the dimensional regularization. By noting that
B0(q
2,m20,m
2
1) +B1(q
2,m20,m
2
1) =
1
2
[
2
ǫ
− γ + ln(4π)
]
−
∫ 1
0
dx (1 − x) ln
(−x(1− x)q2 + (1 − x)m20 + xm21
µ2
)
=
1
2
[
2
ǫ
− γ + ln(4π)
]
−
∫ 1
0
dxx ln
(−x(1− x)q2 + (1− x)m21 + xm20
µ2
)
= −B1(q2,m21,m20) , (A20)
the sum of the B functions for iM(a) + iM(b) + iM(c) becomes
QuB1((q1 + q2)
2,m2fu
j
,m2fd
j
) +Qd
[
B1((q1 + q2)
2,m2fd
j
,m2fu
j
) +B0((q1 + q2)
2,m2fd
j
,m2fu
j
)
]
−B1((q1 + q2)2,m2fu
j
,m2fd
j
)
= (Qu −Qd − 1)B1((q1 + q2)2,m2fu
j
,m2fd
j
)
= 0 . (A21)
We see that the divergence cancels. The evaluation of the remaining C functions can also be done by direct calculation
13
of the integrals.
C12(q
2
1 , (q1 + q2)
2, q22 ,m
2
fu
j
,m2fu
j
,m2fdj
) =
∫ 1
0
dz
∫ 1−z
0
dx
xz
x(1 − x)q21 + z(1− z)q22 + 2xz(q1 · q2)− (1− z)m2fu
j
− zm2
fd
j
,
(A22)
C2(q
2
1 , (q1 + q2)
2, q22 ,m
2
fu
j
,m2fu
j
,m2fd
j
) =
∫ 1
0
dz
∫ 1−z
0
dx
−z
x(1 − x)q21 + z(1− z)q22 + 2xz(q1 · q2)− (1− z)m2fuj − zm
2
fd
j
,
(A23)
C12(q
2
1 , (q1 + q2)
2, q22 ,m
2
fd
j
,m2fd
j
,m2fu
j
) =
∫ 1
0
dz
∫ 1−z
0
dx
xz
x(1 − x)q21 + z(1− z)q22 + 2xz(q1 · q2)− (1− z)m2fd
j
− zm2fu
j
,
(A24)
C2(q
2
1 , (q1 + q2)
2, q22 ,m
2
fd
j
,m2fd
j
,m2fu
j
) =
∫ 1
0
dz
∫ 1−z
0
dx
−z
x(1 − x)q21 + z(1− z)q22 + 2xz(q1 · q2)− (1− z)m2fd
j
− zm2fu
j
,
(A25)
C0(q
2
1 , (q1 + q2)
2, q22 ,m
2
fd
j
,m2fd
j
,m2fu
j
) =
∫ 1
0
dz
∫ 1−z
0
dx
1
x(1 − x)q21 + z(1− z)q22 + 2xz(q1 · q2)− (1− z)m2fd
j
− zm2fu
j
.
(A26)
By applying the above formulae to Eqs. (A15) and (A16), taking the first order approximation in q1, and integrating
by x, we obtain Eq. (15).
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